Advances in silicon (Si) photonics have resulted in phase (depletion mode) electro-optic modulators (EOMs) with an electrical 3-dB bandwidth up to 50 GHz VπL=6.6 V.cm being more than 50% lower. Our design allows compatibility with silicon photonics, with light input/output and optical components, including directional couplers, low-radius bends, and path-length difference segments, realized in a foundry Si photonics process [4] . An un-patterned thin-film of LN was simply bonded to the patterned Si waveguide circuits. Such a device can bring ultrawide electro-optic bandwidths to integrated silicon photonics, and benefit applications in analog and digital communications, millimeter-
2
wave instrumentation, analog-to-digital conversion, sensing, antenna remoting and phased arrays.
LN is a suitable material for high-bandwidth electro-optic modulation, with stand-alone Mach-Zehnder modulator (MZM) devices having reached 110 GHz optical (70 GHz electrical) 3-dB bandwidth about two decades ago (in an unpackaged device) [3] . As a step towards integrated modulators, a variety of approaches using thin-film LN [5, 6] have been reported [7, 8, 9, 10, 11] . The ability to match the optical and microwave indices by varying the dimensions of the LN layer and the rib loading Si waveguide offer new opportunities to achieve true optical-RF phase matching to very high frequencies without artificial velocity matching structures, and indeed, electro-optic modulation sidebands have been measured to several hundred gigahertz (though not the 3-dB point) [12] . In our fabrication approach, depicted in Fig. 1 , MZM's were built on a silicon photonics platform, using photolithography on silicon-on-insulator wafers (220 nm Si thickness, 3 m oxide thickness) and did not require sub-resolution features unlike most plasmonic or polymeric slot modulators [13, 14] . Silicon thinning (down to 150 nm) and feature patterning were followed by oxide deposition and subsequent chemical mechanical polishing and oxide thinning by a timed wet etch (diluted hydrofluoric acid) process. After die segmentation, commercially-procured x-cut thin-film LN on insulator (NanoLN, Jinan Jingzheng Electronics Co. Ltd.) was bonded over a large area (~1 cm 2 ), but not processed further (e.g., no etching [9, 15] or sawing [16] of LN was performed). Oxide bonding was done at room temperature after surface cleaning and surface plasma activation steps. The bonded sample was thermally annealed at 200 o C for one hour under pressure. The bonded stack has been shown to withstand repeated temperature-cycling to at least 300 o C [17] , sufficient for the post-processing required here. The LN die handle was removed, followed by coplanar waveguide electrode formation using gold electroplating. A fully fabricated chip is shown in Fig. 1c ; a microscope image of the EOM is provided in Fig. 1d . The electrodes used 4 here are less than one-third the height used in Ref. [3] . The Si photonics wafer fabrication was performed at Sandia; the other fabrication steps and measurements were performed at UCSD. The resulting device is on a Si handle, potentially mitigating piezoelectric resonances from traditional LN substrates [18] , and can be integrated with additional photonics components. As described below, the optical input and output from the MZM section were through (crystalline) silicon photonic waveguiding structures. The adiabatic waveguide tapers were designed to achieve a vertical inter-layer transition (from Si to LN, and the reverse). As shown in Fig. 2 , the design uses the TE-polarized fundamental guided mode, which is also used in conventional silicon photonics at 1.5 m wavelengths [19] . Since the refractive index of Si at these wavelengths (approximately 3.5)
is significantly higher than that of LN (approximately 2.2), the large index difference enables 5 control of the mode size and location (i.e., mainly in the Si rib or the LN slab) through lithography of the Si layer alone. Thus, only the width of the Si waveguide (w) was varied in our design; when w > 600 nm, light at 1.55 m is mostly confined within the Si rib with confinement factor Si =64% (Mode A) and Si =58% (Mode B). For w = 320 nm, light is guided in Mode C and "sees" the LN slab layer, with confinement fraction in the LN layer calculated as LN = 81% and Si = 5%. Longitudinal Poynting vector simulations of these modes are shown in Fig. 2c . The Mode B -Mode C transition loss is estimated as 0.1 dB from simulations and is described in more detail in previous work [20] . A benefit of these highbandwidth modulators is that L has less variation with small errors in fabricated waveguide dimensions than plasmonic or polymeric slot waveguide MZMs. Light input and output were achieved using tapered single-mode, polarization-maintaining fibers, whose positions were controlled using micro-positioning stages. From test structures, an optical propagation loss of -0.6 dB/cm in the hybrid LN-Si region was measured. The propagation losses in the Si-only regions were about 1.3 dB/cm and are kept short in this design. The edges of the silicon photonic chip were lightly polished, but not fully prepared or packaged; hence, the edge coupling loss was about -3 dB per edge and the total fiber-tofiber insertion loss was -13.8 dB. The calculated intrinsic loss of the full MZM (not including 7 edge couplers), based on the measured propagation loss (-0.6 dB/cm) and the device length (0.5 cm), and simulated inter-layer transition loss estimates (-0.1 dB each) should be about -0.7 dB. However, the actual insertion loss was about -7.8 dB, 2.6 dB of which came from metallization, measured from a comparison of a passive (interferometer) and active (modulator) structure. The excess 2.6 dB loss is most likely due to unoptimized bends in the electrical lines, which pass directly over the optical mode. At low speeds, the MZM demonstrated a high extinction ratio (> 20 dB) as shown in Fig. 3a , with VL = 6.6 V.cm for an L=0.5 cm device. RF measurements were performed on a bare-die chip using 50- probes rated to 110 GHz and using laboratory equipment and RF waveguide components also rated and calibrated to about 110 GHz. The RF driving waveform was either from an RF oscillator (up to 67 GHz) or frequency multipliers (up to 106 GHz). GSG probes were used for both launch and termination. Calibration of the signal pathway was performed using a high-frequency RF power sensor. To inform a computational model of the expected behavior, electrical Sparameters were measured using a Vector Network Analyzer up to 67 GHz, as shown in Fig.   3b . From standard algebraic transformations and lossy transmission line circuit analysis [22] , the microwave index (nm), loss (αm), and characteristic impedance (Zc) were calculated, fitted, and extrapolated to higher frequencies, as shown in Fig. 3c . nm was fitted to a power equation and Zc was fitted to a first-order polynomial. Because αm is dominated by conductor losses, it was fitted to a polynomial proportional to f 1/2 . From that fit, m= 0.65 dB.cm -1 GHz -1/2 , and nm= 2.1 without significant variation over the relevant frequency range. Zc also varies only marginally with frequency, with a mean value of 49 Ω. Equation (1) is a low-pass filter type response, whose 3-dB (electrical roll-off) frequency (f3dB,el) is maximized by matching of the optical and RF indices, matching the load and generator impedances, and minimizing the RF loss, but is not affected by the optical propagation loss. Lower optical propagation loss (opt) improves overall transmission, but for values of opt < 1 dB/cm and device lengths < 1 cm, the actual measured losses are dominated by non-idealities, such as imperfect chip coupling, or non-unitary power splitting at directional couplers, and further optical loss reduction plays only a minor role.
The implications of equation (1) can be understood by assessing its behavior with regard to each significant parameter in turn. Assuming velocity and impedance matching, the RF-loss limited bandwidth results in a 3-dB point of m(f3dB,el).L = 6.4 dB. Using L = 0.5 cm for the device under test, and requiring the 3-dB electrical frequency f3dB,el ≥ 100 GHz, we need m(10 GHz) ≤ 4 dB.cm -1 assuming f 1/2 scaling of the loss. As shown in Fig. 3 , measurements showed m(10 GHz) = 2 dB.cm -1 , well under the limit, and thus, RF losses are not a limitation.
Assuming impedance matching and no RF loss, the bandwidth limitation f3dB,el.L = (0.13/n) GHz.m, where n = nm-no. Thus, achieving f3dB,el ≥ 100 GHz for a 0.5 cm long device requires nmo = nm-no ≤ 0.26. Calculations for our device indicate that nmo ≈ 0.22, which is under the threshold for achieving 100 GHz electrical bandwidth. Moreover, the electrode length times bandwidth product [24] "LB" = c/n = 136 GHz.cm (i.e., zero modulation response at f = 136
GHz for a 1 cm long device) whereas the fabricated device which achieves 102 GHz modulation has L = 0.5 cm, a factor of two shorter. Thus, neither RF losses nor index matching are fundamental limitations, as they have been in the past.
The method of Ref. [25] was used to detect signals and modulation sidebands at an optical wavelength of 1565 nm. With the modulator biased at quadrature, the difference (log scale)
between the optical intensity of the first sideband and carrier signal was used to extract the modulation index, and thus the frequency response from 106 GHz down to 0.8 GHz (providing a safe margin for the 0.18 GHz resolution of the OSA). The peak-to-peak RF drive amplitude was about 0.6 Volts. Frequency multipliers were used for the frequency range above 67 GHz up to 106 GHz. Confirmation, and additional extension to lower frequencies, was provided by measuring the response of the device using a low-frequency VNA (50 MHz to 6 GHz) with an optical photodetector. The electro-optic response is shown in Fig. 3d , and an (electrical) 3-dB bandwidth was observed to lie at 102 GHz. We believe the minor ripples shown in the measured data are related to imperfect impedance matching (between ZL, ZG and Z0), which can be improved with fabrication iterations. The measurement matches well with the calculated response (dashed black line in Fig. 3d ), which was obtained by plugging the measured values of Fig. 3c into Eq. (1). Some of the scatter in the measurements at the highest frequencies arises from the calibration of the frequency extenders, which have nonlinear and discontinuous dispersion curves. The measured flat-spectrum modulation 11 response is consistent with our simulation based on electrical S-parameter measurements, which predicts flat frequency response to even higher frequencies.
Taken together, both theory and measurements support the performance of this device as a greater-than-100-GHz electrical bandwidth EOM. However, there are some areas of planned future improvements. Firstly, the bonding process relies on smooth oxide layers. Oxide thicknesses that are not optimal will reduce EOM performance, due to poor modulation efficiency or increased optical loss due to optical mode overlap with electrodes. While this does not affect our current die-bonding approach, in which we select which dies to attempt to bond, a more scalable wafer-to-wafer bonding approach may require further planarization process improvements. Secondly, electro-optic measurements at frequencies beyond 67 GHz require RF multipliers and time-consuming calibrations using appropriate waveguides, cables, probes and detectors for each frequency band, as observed elsewhere [26] . Packaging for field implementations incurs challenges: the 70-GHz unpackaged LN modulator of Ref. [3] achieved a 3-dB bandwidth, when packaged, of only about 30 GHz [27] , which highlights the challenges in designing low-loss feed structures and other technical aspects. Finally, the product VL = 6.6 V.cm (with a 0.5 cm device) in our best-performing device compares favorably with commercial technology, but the present devices were not designed to minimize VL. An order-of-magnitude lower VπL product can be achieved using plasmonic [28] or graphene [29] modulators, which are less widely adopted than LN modulators at this time.
In summary, we report an electro-optic Mach Zehnder modulator (MZM) based on singlemode silicon (Si) photonic waveguides bonded to a thin film of lithium niobate (LN), thus utilizing the well-known Pockels electro-optic effect, which has been shown, twenty years ago, to scale up to the previous record 70 GHz electrical 3-dB bandwidth in bulk LN modulators [3] . We report a 3-dB electrical bandwidth of 102 GHz, and the product VL = 6.6
V.cm is a 54% reduction from Ref. [3] . The input and output are in silicon photonics, and the fabrication process, which does not require etching or sawing of LN, is based on a standard silicon photonics foundry fabrication flow. Such modulators can break the limits of currentgeneration electro-optic modulators used in silicon photonics and allow integrated silicon photonics to scale to much higher bandwidths.
